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Introduction.
~dhesion behavior of ceramic-to-metal is experiencing an increasing interest not only from the view point of understanding electronic, chemical and mechanical interactions, but also in view of technological importance for microelectronics and structural applications. Adhesion is a macroscopic property of a two component system and involves the chemical bonding at the interface region and the mechanical fracture mechanism. With oxide base ceramics, a number of cases have been studied in the past.11,2,3,41 It is generally accepted that metals which have greater affinity to oxygen show stronger adhesion by forming a chemical bonding at the interface. The mechanisms of chemical bondings have been studied by several workers. [5, 6, 7, 81 With non-oxide base ceramics, the adhesion behavior is far less understood. This is simply due to a lack of experimental data.
In view of filling this gap, we have studied copper-aluminwn nitride (A~N) adhesion. Since the A1N is emerging as an attractive ceramic material in microelectronic packaging applications, metallization, particularly to Cu, is an important technological issue. The objective of this paper is to investigate fundamental properties of Cu-A1N interface and determine factors controlling the adhesion.
. Experimental Procedures.
We will first study the electronic structure of the Cu-A1N interface. Experimentally, copper vras successively deposited "in-situ" in UHV conditions on a well characterized A1N surface. At each step of Cu deposition, ultraviolet photoelectron spectroscopy (UPS) measurements were performed to probe changes in valence electron distributions with He-I1 (hv=40.8eV) light source. To fabricate the A1N surface, an atomically clean polycrystalline A1 surface was bombarded by a NZ+ ion beam to react with the surface. The conditions for nitridation and characterization of the resulting films have been published. [9] The evolution of the electronic structure and bonding of Cu to A1N was also studied using "ab-initiow total energy calculation. A detail has been published elsewhere.
[lO] The nature of chemical bonding at Cu-A1N interface has been elucidated both experimentally and theoretically.
Adhesion of copper to A1N was obtained by semiquantitative adhesion test, where the copper film was pulled in a direction normal to the film substrate interface until detachment occurs, the forces exerted up to detachment being measured continuously by the instron machine. Here, the A1N used in this experiment was in a thin film form grown on an alumina substrate by means of a reactive sputter deposition. In this method, the A1N thin film grows in a columnar fashion with the growth axis controlled by the deposition conditions.[lll We have obtained A1N thin films with their crystallographic orientations of (0001), (1012) and (1011). A copper thin film was sputter deposited in the same vacuum chamber immediately after the growth of each set of the A1N thin film, so that the time for "as-grownn film surface to contact to residual gas molecules was minimized. Vacuum metallized Cu layer was further thickened by the electroplating technique. Photomasking and etching were employed to create three-2x2 mm2 bonding pads over the A1N surface. A 20 mil Ni wire was soldered to the bonding pads. Each set of specimen was then subjected to the adhesion test as described above. Changes in the valence electron distributions with successive deposition of Cu are shown in Figure 1 . At submonolayer coverages, the Cu (3d) derived peak appears with overlapping to the A1N valence band as identified by peaks a, b, c, d and e. With the increase of Cu coverage, a second ~u(3d) derived feature develops at approximately leV lower in the binding energy (peak f, g and h), and eventually merges into the metallic ~u(3d) band at higher coverages. The peak at the submonolayer coverages appears at 4.5eV in the binding energy, which is approximately 2eV higher than that of the bulk Cu(3d). Such a high bonding energy shift suggests that copper atoms interacts strongly with A1N surfaces at submonolayer coverages.
The spectroscopic evidence presented above is further validly interpreted when they are compared with the theoretical calculation. We have performed "ab-inition energy band calculation to determine the copper bonding sites. The details were published elsewhere.
[lO] The calculation showed that Cu atoms bound preferentially to the surface A1 atoms to form metal-metal bonds. This was supported by a good agreement between density of state and the UPS measurement for low coverage of Cu on A1N (figure 2). The total energy of Cu-A1 configuration was found to be 3.leV per surface Cu atom more stable than that of the Cu-N configuration. The Cu-N bonds give an electronic density of state in total disagreement with experiment.
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Binding Energy(eV1 Figure 2 . Calculated density of states for Cu-A1 = 2.6/1 and Cu-N = 1.9/1 with comparison to UPS after submonolayer coverage of Cu on AlN.
Our experimental and theoretical study suggests that the Cu strongly interacts with A1N surface by forming Cu-A1 bonds, leading to a strong adhesion.
ADHESIONOF C U T O A l N .
Results from the semi-quantitative adhesion measurements are shown in Figure 3 . Three sets of measurements were made from each set of the specimen. The force exerted to the bonding pad was continuously measured by the instron machine and recorded in the strip chart recorder. The abscissa of each spectrum corresponds to time being elapsed during measurements. The exerted force increases up to detachment of Cu bonding pad from A1N substrate. After the separation, the measured force decreases rapidly. The adhesion strength for each set of the specimen was determined from the peak maxima. We found that the adhesion strength was strongly influenced by the substrate crystallographic orientations. Cu bonding to A1N (0001) surface showed the highest adhesion and the-strength decreased,-in the order, Cu-A1N (0001), Cu-A1N (1012) and Cu-A1N (1011). A scanning electron microscopy was used to observe the surface mor~hology of physically separated interfaces. For Cu bonding to A1N (1012) and (1011) surfaces, the separation occurs at Cu and A1N surface. Auger electron spectroscopy analysis showed no material transfer each other. For Cu bonding to the A1N (0001) surface, some portions of A1N thin films are broken and physically attached to Cu bonding side as shown in Figure 4 . Scanning Auger images of elements for Cu, Al, N and 0 are obtained from the separated Cu bonding pad. As shown in Figlire 5, it is apparent that the elements from A1N are indeed transferred to the Cu side. In addition, oxygens were detected with exactly superimposing to the A1 image. This indicates that the mechanically fractured A1N reacts with oxygens in the air.
AIN thin film side
Cu bonding pad side ~h e '~1~ crystallizes into Wurtzite structure.
[l2] This means that each atom layer perpendicular to the c-axis consists of either A1 or N atom plane. For A1N (0001) surface, the crystal termination occurs by either A1 or N atom plane. Termination by N atom plane is, however, unlikely, since the surface of A1N is readily oxidized upon exposure to oxygen. It is conceivable that the A1N (0001) thin film surface~consists of Al-atom plane. For other orientations such as A1N (1012) and A1N (loll), the terminated crystal plane is a mixture of A1 and N atoms. As described previously, the intrinsic bonding occurs between Cu and A1 in the Cu-A1N system, therefore the number of A1 sites on the crystallographic plane determines the number of bonds. Density of-A1 sites decreases, in order, A1N (0001), A1N (1012) and A1N (1011). We found the adhesion strength decreases in this order, which was consistent to what was predicted by the nature of intrinsic bonding of Cu to AlN. Apart from the direct chemical interactions, equally important contribution to the bonding also comes from a mechanical locking at the interface.[l3]
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A mechanical bonding occurs when the surface is rough, which provides sites for embedment as well qs increased area of contact at the interface. In the present cases, the A1N thin films were grown over the sintered alumina substrate. The degree of surface roughness is determined by the alumina surfaces, not by the A1N thin film surfaces. There is no doubt in the present experiments that the mechanical locking is a part of the bonding, but the contributions for three cases are the same. The differences observed in the adhesion strength, therefore, must come from the chemical bond i ngs .
Conclusions.
We have demonstrated at the first time that the adhesion strength of Cu to A1N is strongly influenced by the surface crystallographic orientations. The semi-quantitative adhesion measurements shoyed that Cg adhered to A1N (0001) surface stronger than to A1N (1012) of A1 (1011) surfaces. The origin of adhesion was attributed to the intrinsic bonding nature of Cu-A1N interaction, where Cu prefers to bond to Al.
